Density functional calculations of nuclear magnetic shieldings using the zeroth-order regular approximation (ZORA) for relativistic effects: ZORA nuclear magnetic resonance A fully relativistic method for calculation of nuclear magnetic shielding tensors with a restricted magnetically balanced basis in the framework of the matrix Dirac-Kohn-Sham equation
I. INTRODUCTION
The coordination chemistry of Hg(II) is important in its own right, and, in particular, because mercury ions may substitute native metal ions in metalloproteins, probably giving rise to the well known toxic effects of this heavy metal ion. 199 Hg NMR spectroscopy has become a powerful tool in this context due to the sensitivity of the 199 Hg NMR shielding constants and chemical shifts to the first coordination sphere of Hg(II). [1] [2] [3] Relativistic effects play an important role for NMR properties of systems containing heavy elements, such as mercury. From a computational point of view, there are several ways of treating relativistic effects. The first option is fully relativistic four-component linear response calculations 4 within program packages, such as DIRAC, [4] [5] [6] [7] [8] BERTHA, 9 MOLFDIR, 10 BDF, 11 and ReSpect. 12, 13 A second option is computationally less demanding two-component methods, such as the zeroth-order regular approximation (ZORA), [14] [15] [16] [17] [18] exact two-component a) Electronic mail: vaida@life.ku.dk. methods, 19, 20 Douglas-Kroll-Hess (DKH) approaches, [21] [22] [23] [24] [25] or the perturbational schemes by Melo et al., 26, 27 by Vaara et al., 7, 28, 29 and the direct perturbation theory approach by Kutzelnigg. 30 The first ab initio calculations including relativistic effects of 199 Hg NMR shielding constants in mercury halides were presented by Nakatsuji et al. 31 They used a method which is a combination of a relativistic spin-free no-pair theory and the spin-orbit (SO) unrestricted Hartree-Fock (HF) method and concluded that spin-free terms, such as the massvelocity and Darwin terms, and the spin-orbit term are important and that they strongly couple with each other. Moreover, they showed that for 199 Hg NMR shielding constants and chemical shifts the spin-orbit term of the halogen becomes more important for the heavier halogens. This conclusion was also supported by the study of Fukuda et al. 24 who employed a method based on the DKH transformation. They also state that for more accurate predictions of the chemical shifts of these molecules one should consider electron correlation effects. Using ZORA at the density functional theory (DFT) level, Wolff et al. 18 showed that mercury NMR shielding constants strongly depend on the structure of mercury halides. Finally, Taylor et al. 32 conducted recently a ZORA-DFT study on 199 Hg NMR shielding constants of Hg(CH 3 ) 2 , solid HgCl 2 , and of HgCl 2 complexed with DMSO. To the best of our knowledge, four-component relativistic calculations of NMR shielding constants have not yet been presented for Hg(II) compounds, except that Fukuda et al. 23 employed the four-component/Dirac-Hartree-Fock (DHF) (Ref. 33) approach to calculate the 199 Hg NMR shielding constant for Hg 78+ and Hg 70+ ions and Seino and Hada 25 employed a fourcomponent scheme to calculate the NMR shielding constant of the Hg atom. On the other hand, four-component relativistic calculations of NMR shielding constants were performed for several other heavy metal compounds. Lantto et al. 7 have carried out DHF calculations on X 2+ , X 4+ , XH 2 , and XH − 3 (X = Si-Pb) as well as X 3+ , XH 3 , and XF 3 (X = P-Bi) systems and very recently Melo et al. 34 carried out DHF calculations on SnH 2 XY and PbH 2 XY (XY = F, Cl, Br, and I).
The goal of this study is thus (1) to compare the results of the approximate, two-component relativistic methods, linear response elimination of small component (LR-ESC) and ZORA, with results of fully relativistic four-component calculations of shielding constants and chemical shifts for linearcoordinated Hg(II) containing molecules, (2) to test convergence of the calculated shielding constants with basis set size, (3) to study the effect of using a Gaussian charge distribution model for the nuclear Coulomb potential as opposed to a point charge model, (4) to compare HF and DFT methods with different functionals, and finally (5) to compare the calculated Hg chemical shifts with experimental data. For that purpose we compare the performance of the three different relativistic methods (fully relativistic four-component calculations with the DIRAC program, 35, 36 LR-ESC calculations with the DALTON code, 37 and ZORA calculations as implemented in the ADF program 38 ) for the NMR shielding constants of all nuclei and the Hg chemical shifts in linear HgL 2 (L = Cl, Br, I, CH 3 ) compounds. Moreover, we investigate how much the choice of the common gauge origin (GO) and non-collinear spin-density contribution to the exchange-correlation (XC) kernel influence the outcome of the calculations.
II. COMPUTATIONAL DETAILS

A. Four-component calculations
Four-component fully relativistic shielding constant calculations with a common gauge origin for the vector potential were carried out using the DIRAC V.08 code 35 at the DHF and DFT levels. DIRAC V.10 version 36 was released during the revision of the paper and was employed for calculations using gauge-including atomic orbitals (GIAO) (Refs. 8 and 39) as well as for calculations with non-collinear spin density contribution to the XC kernel (non-collinear spin-magnetization). In addition to the hybrid B3LYP (Refs. 40 and 41) and PBE0 (Refs. 42-45) functionals, we employed the generalised gradient approximation (GGA) BP86 (Refs. 46 and 47) functional, which has been used previously in calculations of 199 Hg NMR shielding constants in Ref. 32 and 48. The nuclear magnetic shielding constant was calculated as four-component linear response functions. 4 In order to re-duce the computational cost, we performed approximate Dirac-Coulomb calculations, where the interatomic small component-small component (SS) integral contribution is modelled by the classical repulsion of small component atomic charges as proposed by Visscher. 49 In addition, we used the unrestricted kinetic balance (UKB) condition, 50 which in contrast to the restricted kinetic balance (RKB) condition 50 allows to modify the coupling towards the magnetic balance between the large and small components of the relativistic wave function. It was shown that UKB ensures convergence of nuclear magnetic shielding constants with smaller basis sets than using the RKB condition. 8, [51] [52] [53] [54] In order to properly describe NMR shielding constants we use basis sets which contain tight functions. For the Hg, Br, and I atoms we used the basis sets by Dyall 55, 56 dyall.cvxz (x=2,3,4) and for Cl, C, and H -Dunning's cc-pCVXZ (X=D,T,Q) basis sets were used, 57, 58 all in their completely uncontracted form. The threshold value for convergence in the error vector (electronic gradient) was set to 1.0D-7. The convergence of the shielding constants with the basis set is discussed in Sec. III.
Three other computational issues have been addressed. The first issue refers to the choice of gauge origin of the vector potential within the common gauge origin approach and to the comparison with GIAO results at the DHF level (using DIRAC V.10) and is discussed in Sec. III. In the common GO case, the gauge origin was placed at the heavy nucleus Hg when calculating 199 Hg NMR shielding constants, whereas in calculations of NMR shielding constants of lighter nuclei (Cl, Br, I, C, H), the gauge origin was placed either at the position of the nucleus in question or at the Hg nucleus. The second issue concerns the choice of the nuclear charge model for the Coulomb potential of the nuclei. Here, we have used both a Gaussian charge distribution or a point charge model for the Coulomb potential, whereas in the expression for the vector potential of the nuclear magnetic moment, only a point nucleus model is available. Consequently, we introduce the following abbreviations, which are used throughout the paper. p.p. or point/point indicates that the point nucleus model has been used for both the Coulomb and vector potential of the nucleus, while g.p. or Gaussian/point implies that a Gaussian charge distribution was used for the Coulomb and a point nucleus model for the vector potential of the nuclear magnetic moment. The Gaussian charge distribution nuclear model is a more physical model to describe the nuclear charge distribution than the point charge model and we employ a Gaussian charge distribution with exponents proposed by Visscher and Dyall. 59 The results of this study are presented in Sec. IV. The last issue investigates how non-collinear spin-density contribution to the XC kernel changes the shielding constant and Hg chemical shift values in DFT calculations and is discussed in Sec. V.
B. LR-ESC calculations
LR-ESC calculations were carried out using the DALTON V2.0 code 37 at HF and DFT/BP86 levels with the exception of the σ (DIA-K) contributions, 60 which are implemented in a local development version of DALTON V2.0. In the LR-ESC scheme, the total relativistic nuclear magnetic shielding constant is calculated as the sum of the nonrelativistic (NR) shielding constants and corrections according to the Rayleigh-Schrödinger perturbation theory expressions. 26, 27 Dyall's dyall.cvxz (x=2,3,4) basis sets were used for Hg, Br, I, whereas H, C, and Cl were described using Dunning's cc-pCVXZ (X=D,T,Q) basis sets, all in their uncontracted form. Employed basis sets had enough tight functions in order to obtain converged paramagnetic LR-ESC terms. 27, 60 A convergence threshold of 1.0D-06 for the energy gradient was used. The basis set convergence is discussed in Sec. III. Although it was previously shown that the LR-ESC scheme is gauge invariant in the limit of a complete basis set (CBS), 61 in actual calculations using a finite basis set gauge origin independence can only be achieved by special methods such as the distributed gauge origin methods GIAO, individual gauge for localized orbitals (IGLO), 62, 63 or continuous transformation of the origin of the current density (CTOCD). [64] [65] [66] As none of these have been implemented for the relativistic corrections in the LR-ESC approach, we have used GIAOs in the calculation of the non-relativistic shielding constants 67 and the common-origin approach with the gauge origin fixed at the position of each studied nucleus or other nucleus for the relativistic corrections in the LR-ESC approach which is more thoroughly discussed in Sec. III. Concerning the choice of nuclear charge model for the Coulomb potential of the nuclei in the LR-ESC scheme, which combines a non-relativistic shielding constant calculation with relativistic corrections to it, it is more consistent to use only the point nucleus model (p.p.) in both the non-relativistic and relativistic calculations. For the vector potential of the nuclear magnetic moment only the point nucleus model is available. Spin-density contribution in the LR-ESC-DFT scheme appears in the property calculation part through coupling of spin-dependent perturbation operators with perturbed states which may not have a zero spin.
C. ZORA calculations
NMR shielding constants were also calculated with the ZORA approach. [14] [15] [16] [17] All calculations were carried out using the NMR module 18, 68, 69 of the ADF V.2009.01 program 38 at the DFT level with the BP86, B3LYP, and PBE0 functionals. ZORA relativistic Slater type all-electron basis sets 70 were used in the form of GIAOs. [71] [72] [73] As recommended by ADF developers, for accurate hybrid calculations we added more diffuse fit functions and used the strict criteria for the basis set dependence, namely, bas = 1 × 10 −4 . The threshold value for convergence in the error vector was set to 1.0D-8.
In the ZORA calculations, as in the four-component calculations, we could choose between the Gaussian charge distribution and the point charge model for the Coulomb potential, but we had only the option of a point nucleus model for the vector potential of the nuclear magnetic moment. Thus, we performed g.p. and p.p. calculations.
Spin-orbit coupling is included variationally in the solution of the Kohn-Sham equations for the closed shell ground state. In the solution of the DFT response equations, necessary for the calculation of the shielding constants, the ex- ternal magnetic field perturbation leads to a first order spindensity and, consequently, to a Fermi-contact (-like) contribution to the NMR shielding constant, which is calculated in the ADF NMR calculation. However, the contribution to the DFT part of the exchange-correlation kernel of the response equations is neglected in ADF contrary to the four-component calculations with spin-density contribution to the XC kernel. Therefore, only uncoupled perturbed Kohn-Sham equations are solved for GGA or local-density approximation functionals in the ADF NMR calculations. In the case of hybrid functionals, such as B3LYP, the Hartree-Fock exchange potential leads furthermore to a first order change of the orbitals due to the external magnetic field, which makes it necessary to solve coupled perturbed Kohn-Sham equations, but the first order spin-density is still not taken into account in the DFT part of the exchange-correlation potential. 68, 69 
D. Geometries of Hg compounds
NMR shielding constants were calculated for linear HgL 2 (L = Cl, Br, I, CH 3 ) compounds. We used experimental geometries (see Table I for details) obtained with electron diffraction in the gas phase. [74] [75] [76] [77] For Hg(CH 3 ) 2 nearly free rotation of the methyl groups was reported; 77 therefore, the Hg-CH 3 bond-length (2.083 Å) was interpreted as the average configuration. We chose to test two different positions of methyl groups-with dihedral angle 0 • in eclipsed structure and dihedral angle 60 • in staggered structure, using ADF/ZORA approach. We obtained Hg NMR shielding constants: σ ( 199 Hg) = 7929 ppm and σ ( 199 Hg) = 7932 ppm for the eclipsed and staggered structures, respectively. Herein, we used the BP86 functional, the point/point nucleus models, and a TZ2P basis set. We conclude, that both conformations give virtually identical Hg shielding constants and both results are in a good agreement with the earlier result σ ( 199 Hg) = 7929 ppm obtained by Taylor et al. 32 using ADF/ZORA with the same functional and basis set. In the following we will therefore only consider the eclipsed conformer.
III. SELECTION OF BASIS SET AND GAUGE ORIGIN
We have investigated the basis set dependence of the shielding constants calculated with all three relativistic methods for the smallest halogen system HgCl 2 . The 57, 58 basis sets cc-pCVDZ (13s9p2d), cc-pCVTZ (17s11p4d2f), and cc-pCVQZ (19s14p6d4f2g) for Cl. Both series of basis sets are designed to converge systematically to the CBS limit of the total energy. Dunning's correlation consistent basis set has frequently also been used in extrapolation schemes for NMR shielding and spin-spin coupling constants. 78, 79 In Table II we present results of the basis set study for four-component calculations. The DHF gauge independent (GIAO) calculations give similar values of the NMR shielding constant, σ ( 199 Hg), with all three basis sets, and thus appear to be converged to within 20 ppm already with the dyall.cv2z/cc-pCVDZ basis set. With the gauge origin placed at Hg the shielding constant changes only marginally between the two largest basis sets and thus also appears to be converged. This is further supported by the fact that the results converge towards those obtained with the GIAO method, displaying a difference of 132 ppm, 25 ppm, and 5 ppm with the dyall.cv2z/cc-pCVDZ, dyall.cv3z/cc-pCVTZ, and dyall.cv4z/cc-pCVQZ basis sets, respectively. Finally, at the DFT/BP86 level the dyall.cv3z/cc-pCVTZ and dyall.cv4z/cc-pCVQZ basis sets give the same Hg shielding constant value of 12 049 ppm, indicating that the dyall.cv3z/cc-pCVTZ basis set is already close to the CBS limit. Regarding the Cl NMR shielding constant, the trends are similar for the GIAO calculations and when the gauge origin is placed at Hg. However, Table III . We do not observe as good convergence for the Hg shielding constant as in the four-component calculations. The difference between the Hg shielding constant values obtained using dyall.cv3z/cc-pCVTZ and dyall.cv4z/cc-pCVQZ is about 5 times larger than going from dyall.cv2z/cc-pCVDZ to dyall.cv3z/cc-pCVTZ. Thus, this is a slight divergence of the LR-ESC results with increasing the basis set. The dyall.cv3z result for the Hg NMR shielding constant differs by 1.5% (150 ppm) from the dyall.cv4z/cc-pCVQZ result. For Cl, on the other hand, the difference amounts to only 0.5% (6 ppm). To put the remaining basis set errors into perspective, it is useful to compare this with the deviations from the fourcomponent results with the same basis set, which amount to 23% (3091 ppm) for Hg and 2.5% (29 ppm) for Cl using the dyall.cv3z/cc-pCVTZ basis set. We consider thus that the remaining basis set error in the LR-ESC results for Hg is irrelevant compared to the one order of magnitude larger deviations TABLE IV. The choice of gauge origin (GO) in LR-ESC: shielding constants, σ (N ) (N = Hg, C, Cl, Br, I), were calculated as the sum of nonrelativistic shielding constants (obtained by GIAO) and LR-ESC corrections at the HF level in combination with point/point nucleus models and dyall.cv3z basis set for Hg, Br, I and cc-pCVTZ basis set for H, C, Cl. We calculated LR-ESC corrections using the common-origin approach with the GO fixed either at the position of each studied nucleus N or fixed at the position of the other nucleus. Table IV . LR-ESC corrections to the Hg shielding constant change by at most 0.5 ppm due to the change of gauge origin, whereas at most 2.5 ppm and 6.7 ppm differences are observed for halogen and C shielding constants, respectively. This confirms the results of a very recent study on the shielding constants in SnH 2 F 2 , 34 where a similarly small gauge origin dependence of LR-ESC results was observed. Due to the small gauge origin dependence of LR-ESC results, in the following calculations we place the gauge origin at the nucleus of interest only. The results of the basis set study with the ZORA approach are given in Table V . We have used all the ZORA relativistic Slater type all-electron basis sets, which are provided by the ADF program for Hg and Cl: DZ (13s10p6d3f/6s4p), TZP (14s10p7d3f/7s5p1d), TZ2P (14s10p7d4f/7s5p1d1f), QZ4P (22s18p12d6f/11s7p3d2f) for Hg/Cl, respectively. In order to perform a thorough basis set convergence study, we additionally constructed TZ (14s9p7d3f/7s5p), QZ (22s15p11d4f/11s7p), and QZ2P (22s17p12d5f/11s7p2d1f) basis sets, by eliminating polarisation functions or replacing polarisation functions from the TZP and QZ4P basis sets with smaller number of functions with the average exponent (these basis sets are available as supplementary material 80 ). Here, there appear to be two opposing basis set convergence patterns. First, in the DZ ⇒ TZ ⇒ QZ series the shielding constant varies as 9732 ppm ⇒ 10 452 ppm ⇒ 10 408 ppm. Thus, the TZ result differs by less than 50 ppm from the QZ result and there seems to be convergence to within this error in this series. When polarisation functions are added to the TZ and QZ basis sets, the Hg NMR shielding constant decreases (the same is observed for Cl NMR shielding constant) and appears to be converged to within 10 ppm in the series QZ ⇒ QZ2P ⇒ QZ4P. One could expect that adding more polarisation functions to the TZ2P basis set would lead to further reduction. But it is not possible to verify this within this work due to technical difficulties arising when adding polarisation functions. As a consequence of the opposing trends the standard ADF basis sets, TZ2P and QZ4P, give quite different Hg NMR shielding constant results (9541 ppm and 9948 ppm, respectively). For Cl the trends are quite similar to those observed for Hg, although TZ2P and QZ4P give results which are closer (854 ppm and 835 ppm, respectively). In the following we will employ the largest possible basis set, QZ4P, which also contains the largest number of high-exponent functions, important for the calculation of shielding constants and especially the spin-orbit term.
IV. SELECTION OF THE NUCLEAR CHARGE MODEL FOR THE COULOMB POTENTIAL
In this section the selection of the nuclear charge model for the Coulomb potential in four-component and ZORA calculations is described. A Gaussian charge distribution or a point charge model for the Coulomb potential are applied together with a point nucleus model for the vector potential of the nuclear magnetic moment using the nomenclature Gaussian/point (g.p.) and point/point (p.p.) in the tables. The outcome of this investigation at the level of DFT/BP86 is presented in Table VI . From this we deduce that using a finite nucleus for the Coulomb potential reduces the Hg shielding constants by ∼100-500 ppm (about 1%-3%). A similar study was conducted by Fukuda et al. 23 who compared the values of heavy ion (including Hg 70+ and Hg 78+ ) shielding constants obtained by point and Gaussian nucleus models for both the Coulomb and vector potential of the nuclear magnetic moment using DHF and a two-component quasirelativistic theory based on the DKH transformation. Their conclusion was that using a Gaussian nucleus model gives rise to a decrease of the Hg shielding constant values by ∼500 ppm compared to calculations using a point nucleus model for Hg 70+ and Hg 78+ ions. Interestingly, the chemical shift, δ( 199 Hg), is also affected by the choice of nuclear model. In the four-component calculations the change from a point nucleus to a Gaussian nucleus model is 10 ppm, 70 ppm, and 143 ppm for HgCl 2 , HgBr 2 , and HgI 2 , respectively. That is, it depends on the atomic number Z of the coordinating atom. For the ZORA calculations the same series gives a difference of 1 ppm, 40 ppm, and 97 ppm, and thus recovers from 10% to 68% of the finite nucleus effect observed with the four-component method. It is noteworthy that the observed reductions in ZORA calculations can be linked to the changes in the spin-orbit term (data not shown), and this is in a good agreement with the statement that the finite nucleus model affects the hyperfine structures of heavy atoms. 81, 82 For the shielding constants of the lighter atoms the effect is negligible (∼0-1 ppm) and for iodine the change of the shielding constant is 15 ppm using the four-component method.
In Sec. V, we will present four-component and ZORA results which are obtained using the Gaussian nucleus model for the Coulomb potential. VI. Nuclear charge model: shielding constants, σ (N ) (N = Hg, C, Cl, Br, I), and chemical shifts, δ( 199 Hg), of HgL 2 (L = CH 3 , Cl, Br, I) compounds (in ppm) calculated using four-component and ZORA approaches in combination with DFT/BP86, point/point (p.p.), and Gaussian/point (g.p.) nuclear models for the Coulomb and vector potentials, respectively. The Hg chemical shift is calculated as δ( 199 Hg HgL 2 ) = (σ ( 199 Hg Hg(CH 3 ) 2 ) −σ ( 199 Hg HgL 2 ))/(1 −σ ( 199 Hg Hg(CH 3 ) 2 )). 
V. RESULTS AND DISCUSSION
A. Relativistic corrections to shielding constants and Hg chemical shifts
In this section, we compare the performance of three relativistic methods (four-component, LR-ESC, and ZORA) in calculations of NMR parameters of HgL 2 (L = CH 3 , Cl, Br, I) compounds, and describe the magnitude of the relativistic correction (i.e., the difference of the shielding constant calculated with non-relativistic and relativistic methods). The calculations were performed at the level of HF and DFT theories. Regarding the latter, we employed three different functionals (GGA/BP86 and the hybrid functionals B3LYP and PBE0). In the upper part of Table VII, shielding constants, σ (N) (N = Hg, C, Cl, Br, I), are presented, whereas the bottom part of the table is dedicated to Hg chemical shifts, δ( 199 Hg). Table VII illustrate that the relativistic corrections follow a systematic trend as a function of the atomic number of the nucleus in question. The differences between the four-component and non-relativistic results for the shielding constants of the ligand atoms increase from carbon (−41 ppm) over chlorine (−183 ppm) and bromine (−272 ppm) to iodine (+310 ppm). For carbon and probably chlorine this is due to the HALA effect (heavy atom effect on the shielding of a light atom) from the neighbouring Hg atom, whereas for bromine and iodine there are in addition HAHA effects 83 (heavy atom effects on the shielding of the heavy atom itself). At the same time also the relativistic correction to the Hg shielding constant increases with the atomic number of the ligand atom: 3893 ppm in Hg(CH 3 ) 2 , 4846 ppm in HgCl 2 , and finally 7474 ppm in HgI 2 as shown in Fig. 1(a) and can be attributed to HAVHA effect (heavy atom effect on vicinal heavy TABLE VII. Comparison of relativistic methods: shielding constants, σ (N ) (N = Hg, C, Cl, Br, I), and chemicals shifts, δ( 199 Hg), calculated using nonrelativistic method (NR) (with GIAO) and three different relativistic methods: LR-ESC and four-component (without and with spin-density contribution to the XC kernel) using common gauge origin and ZORA using GIAO. The calculations were performed at the level of HF and DFT in combination with three different functionals BP86, B3LYP, and PBE0. The Hg chemical is calculated as δ( 199 Hg HgL 2 ) = (σ ( 199 Hg Hg(CH 3 ) 2 ) −σ ( 199 Hg HgL 2 ))/(1 −σ ( 199 Hg Hg(CH 3 ) 2 )). Table VII and experimental  values are from Table X. atom). 34, 54 These trends are repeated in the HF calculations; however, the relativistic effects are somewhat larger for mercury, such as 5359 ppm in Hg(CH 3 ) 2 , 6057 ppm in HgCl 2 , and finally 7095 ppm in HgI 2 , whereas the shielding constant of the ligand atoms increases in absolute value from carbon (−49 ppm) over chlorine (−57 ppm) and bromine (+89 ppm) to iodine (+911 ppm). The relativistic corrections to the mercury chemical shifts are 968 ppm, 2192 ppm, and 3619 ppm for HgCl 2 , HgBr 2 , and HgI 2 , respectively, at the level of DFT/BP86. This follows the normal halogen dependence 84, 85 behaviour in which an increased spin-orbit contribution is found for the heavier halogen ligands . 18, 24, 31 In the following paragraph the performance of the twocomponent methods is discussed (see also Fig. 1 ). For the C shielding constant, both LR-ESC and ZORA reproduce the relativistic corrections of four-component calculations. For Cl and Br, LR-ESC and ZORA behave differently: LR-ESC underestimates relativistic corrections, whereas ZORA overestimates the relativistic corrections to the shielding constants. While for I (which is also considered as heavy atom besides Hg), LR-ESC overestimates relativistic corrections and ZORA calculations even give the incorrect sign of the relativistic correction. It has previously been reported that ZORA might give errors for heavy atom properties that depend on the core orbitals, such as absolute shielding constants, whereas chemical shifts are reproduced well, vide infra. 86 For Hg shielding constants, LR-ESC predicts relativistic corrections of 2411 ppm, 2807 ppm, 3160 ppm, and 3612 ppm for Hg(CH 3 ) 2 , HgCl 2 , HgBr 2 , and HgI 2 , accordingly, which in percentage amounts to ∼58% ⇒ 45% of the total relativistic corrections for the Hg(CH 3 ) 2 ⇒HgI 2 series at the DFT/BP86 level. ZORA estimates relativistic corrections of 1845 ppm, 2745 ppm, 3984 ppm, and 5394 ppm for Hg(CH 3 ) 2 , HgCl 2 , HgBr 2 and HgI 2 , accordingly, which in percentage amounts to ∼47% ⇒ 72% of the total relativistic corrections. However, even though ZORA underestimates Hg NMR shielding constants by ∼2100 ppm, the differences between Hg chemical shift values obtained using ZORA and four-component approaches (without spin-density contribution to the XC kernel) are less than 60 ppm and are similar for all three compounds as shown in Table VII and Fig. 1 . This is in a good agreement with the conclusion made by Autschbach 86 that ZORA is a reliable tool for the investigation of chemical shifts as a "valence" property due to very accurate hyperfine integrals for the valence shells of heavy atoms in contrast to inner-most core shells which are important for shielding constants.
The results of the DFT/BP86 calculations in
DFT
In order to evaluate SO contribution to Hg shielding constants and chemical shifts in HgL 2 (L = Cl, Br, I) compounds and understand why LR-ESC does not reproduce the Hg chemical shift trend with increasingly heavy halogen ligands, we determined the SO terms in the Hg shielding constants of HgL 2 (L = CH 3 , Cl, Br, I) compounds obtained by four-component, 4 LR-ESC, 27 and ZORA (Ref. 18 ) methods in combination with DFT/BP86 (see Table VIII ). Since these methods define the SO terms differently, the direct comparison of SO terms is not possible. Therefore, we present for the HgL 2 (L = Cl, Br, I) compounds also the changes from the total Hg shielding constant and SO term values in Hg(CH 3 ) 2 (see Table VIII in parenthesis). For HgCl 2 , the change in the SO term (463 ppm), obtained with the four-component approach without spin-density contribution to the XC kernel, corresponds to 23% of the change in total Hg shielding constant value. LR-ESC yields a change of 154 ppm in the SO term and therefore reproduces 33% of the change in SO term obtained with the four-component approach without spin-density contribution to the XC kernel. This underestimation of the change in the SO term accounts for 55% of the difference in the change of the total Hg shielding constant value. The change in SO terms and the contribution to the change in the total Hg shielding constant increases for HgBr 2 TABLE VIII. SO terms and the total values of Hg shielding constants of HgL 2 (L = CH 3 , Cl, Br, I) compounds (in ppm) calculated using LR-ESC, ZORA, and four-component approaches (without and with spin-density contribution to the XC kernel) in combination with DFT/BP86. In parenthesis we present the changes from the total Hg shielding constant and SO term values in Hg(CH 3 ) 2 . The SO term in the four-component approach (without and with spin-density contribution to the XC kernel) was calculated as the difference between Hg shielding constant value calculated including SO contribution and Hg shielding constant value calculated using spin-free formalism. respectively. Consequently, one can conclude that underestimation of the SO term is one of the main reasons why LR-ESC does not reproduce the trend in the Hg chemical shifts with increasingly heavy halogen ligands, but it is not the only reason.
LR-ESC
All the DFT based four-component results discussed so far did not include spin-density contributions to the XC kernel in the calculations of the shielding constant. The impact of non-collinear spin-density contribution to the XC kernel on σ (N ) (N = Hg, C, Cl, Br, I) shielding constants and δ( 199 Hg) chemical shifts in fully relativistic four-component calculations at the level of DFT/BP86 is presented in Table VII , in parenthesis under (spin-density) and in Fig. 1 as Four-component spindensity. While the C shielding constant is reduced by 5 ppm (3%) due to the non-collinear spin-density contribution, Cl shielding constant remains unaffected and Br and I shielding constants increase by 23 ppm (0.9%) and 81 ppm (1.5%), respectively. Within the series of halogen compounds, including non-collinear spin-density contribution gives rise to an increase of the Hg shielding constants and chemical shifts. Hg shielding constant values are increased by 261 ppm (2.6%), 257 ppm (2.1%), 437 ppm (3.3%), and 1581 ppm (4.1%) for Hg(CH 3 ) 2 , HgCl 2 , HgBr 2 , and HgI 2 , respectively. These changes are primarily due to the changes in SO terms as shown in Table VIII . Whereas Hg chemical shift in HgCl 2 is almost unaffected by non-collinear spin-density contribution (non-collinear spin-density effects on Hg shielding constants of Hg(CH 3 ) 2 and HgCl 2 cancel out), Hg chemical shifts in the heavier halogen compounds HgBr 2 and HgI 2 are reduced by 179 ppm (5.5%) and 325 ppm (7.5%). From this we conclude that Hg chemical shifts determined by the ZORA method agree very well with four-component/spin-density results for HgCl 2 , whereas larger deviations (up to 366 ppm) occur for Hg chemical shifts in HgBr 2 and HgI 2 .
B. HF versus DFT
In this section results from HF calculations are compared with DFT calculations using three different functionals, GGA/BP86 and hybrids B3LYP (20% HF exchange) and PBE0 (25% HF exchange). In general, DFT reduces the shielding constants of all atoms and Hg chemical shifts compared to HF in LR-ESC and four-component calculations. The conclusion that DFT gives lower shielding constants compared to HF has been reported previously (e.g., in Ref. [87] [88] [89] [90] . In addition, hybrid functionals containing exact HF exchange lead to smaller reductions compared to GGA/BP86 and therefore give results which are in better agreement with HF, especially PBE0 which has a larger percentage of HF exchange than B3LYP. Furthermore, we observe that the differences between HF and DFT results increase with a more accurate treatment of relativistic corrections. The largest differences are thus observed in the four-component calculations. Finally, the calculated Hg chemical shifts using different functionals are similar in fourcomponent and ZORA calculations.
C. Shielding tensor elements and their relation to molecular structure and charge distribution
Obviously the isotropic shielding does not describe differences in individual tensor elements, nor differences between individual elements in a series of coordination compounds. Thus, it is conceivable that the same isotropic shielding is observed for two different molecules, despite the fact that the individual tensor elements are quite different, although this is not the case for the linear molecules investigated in this work. In Table IX the full shielding tensor in terms of components parallel and perpendicular to the molecular symmetry axis is presented for the four test Table II in supplementary material 80 ), which is small for HgI 2 , indicating that the charge distribution for this molecule is almost spherical. As such, this series of test molecules covers three important features of mercury containing compounds: (1) a systematic change from linear to almost spherical charge density, (2) a systematic increase in the atomic number of the ligand, and (3) both ionic and covalent Hg-ligand bonds are represented. Thus, the results presented in this work might be transferable to a broader selection of mercury containing molecules. It is noteworthy that the parallel component of the shielding tensor is almost the same as that determined for Hg(II) ion. In a simple picture, this may be understood as the external magnetic field inducing a current around the symmetry axis of the molecule, which is similar to that induced in Hg(II) ion, whereas the induced current in the plane in which the co-ordinating atom lies is hindered, leading to smaller values of the shielding tensor.
D. Comparison with experimental data and other theoretical studies
In Table X other theoretical studies as well as experimental data are compiled for the four test molecules. Comparing the results in this work (four-component and ZORA) with the experimental data, the qualitative trends are the same, but there are large systematic quantitative differences amounting to up to ∼1000 ppm. These differences are even larger if we include the non-collinear spin-density contribution to the XC kernel in the four-component calculations. The use of hybrid functionals, B3LYP and especially PBE0, gives larger Hg chemical shift values by up to ∼300 ppm compared to the GGA/BP86 functional, and therefore, results in better correspondence with the experimental values. The differences between calculated and experimental values are expected because (1) rovibrational effects on the shielding constant are not included in the calculation, and probably more importantly, (2) the calculations are carried out in the gas phase, whereas the experiments are carried out in various solvents. [91] [92] [93] The linear geometries of mercury compounds were determined with electron diffraction studies in the gas phase and it was shown that they are bent in solution as the halide-Hg-halide bond angle decreases, as one chooses solvents with higher ability to coordinate to mercury. 94 18 showed that a change in 0.01 Å in bond-length leads to ∼50 ppm change in calculated 31 and GIAO-Finite Perturbationquasirelativistic-generalized unrestricted Hartree-Fock (GIAO-FP-QR-GUHF) by Fukuda et al. 24 The ZORA calculations reported in Wolff et al. differ in several aspects from those presented in this work, such as DFT functional (BP86 versus PW91, which does not have a big influence: changes of 2-19 ppm for the Hg shielding constant in all four compounds were calculated using the QZ4P basis set and Gaussian/point nucleus models), and more notably different basis sets (QZ4P all-electron versus TZ2P frozen core). As demonstrated in Sec. III, using the TZ2P basis set, in contrast to QZ4P, gives an error of ∼400 ppm for Hg shielding constant in HgCl 2 , accounting for most of the differences between the results of Wolff et al. 18 and the results presented in this work. Since TZ2P and QZ4P basis sets give similar Hg shielding constant values in Hg(CH 3 ) 2 , contrary to HgCl 2 , HgBr 2 , and HgI 2 , Hg chemical shifts are also affected by the choice of the basis set by ∼500 ppm (data not shown). Thus, despite the fact that the results of Wolff et al. for the Hg chemical shifts are in better correspondence with experimental shifts, this agreement is probably accidental. Moreover, our ZORA results obtained with the QZ4P basis set are in much better agreement with four-component results.
VI. CONCLUSIONS
We have presented a study of the performance of three different relativistic methods in the calculation of NMR shielding constants and Hg chemical shifts in linear HgL 2 (L = Cl, Br, I, CH 3 ) compounds. We find that for the C shielding constant both LR-ESC and ZORA reproduce the relativistic corrections and, therefore, the absolute value of the shielding constant obtained by the four-component approach. For Cl and Br these methods behave differently: LR-ESC underestimates the relativistic corrections, whereas ZORA overestimates the relativistic corrections to the shielding constants. For iodine LR-ESC overestimates relativistic corrections, while ZORA even gives the incorrect sign of the relativistic correction. Even though none of the two two-component methods, LR-ESC and ZORA, can reproduce relativistic corrections to the absolute shielding constants of mercury, ZORA reproduces the trend of relative relativistic corrections to the Hg shielding constant increasing with the atomic number of the ligand atom, contrary to LR-ESC, partly because the latter underestimates the change in spin-orbit contribution. The differences between Hg chemical shift values obtained using ZORA and four-component approaches without spin-density contribution to the XC kernel are less than 60 ppm for all compounds using three different functionals, BP86, B3LYP, and PBE0. However, this difference increases up to 213 ppm and 366 ppm for HgBr 2 and HgI 2 , respectively, if we compare with four-component calculations with non-collinear spindensity contribution to the XC kernel. However, we have investigated only linear mercury compounds and further studies would be necessary in order to test more generally that ZORA can be used as an alternative to the computationally demanding four-component approach for calculations of heavy atom chemical shifts. We have also shown that DFT reduces the shielding constants of all atoms and Hg chemical shifts compared to HF in LR-ESC and four-component calculations. It is noteworthy that hybrid functionals (B3LYP and PBE0) containing HF exchange lead to smaller reductions compared to GGA/BP86 and, therefore, results in better agreement with HF results. We have also found that the four-component method exhibits better basis set convergence than ZORA and LR-ESC methods. Moreover, we have investigated the effect on the Hg shielding constants and Hg chemical shifts of using a finite nucleus model in the form of a Gaussian charge distribution for the Coulomb potential of the nuclei and found that the effect is larger in four-component calculations compared to ZORA and increases with the atomic number of the coordinating atom.
